We report measurements of the magnetic field induced microwave complex resistivity in REBa 2 Cu 3 O 7−δ thin films, with RE = Y, Sm. Measurements are performed at 48 GHz by means of a resonant cavity in the end-wall-replacement configuration. The magnetic field dependence is investigated by applying a moderate (0.8 T) magnetic field along the c-axis. The measured vortex-state complex resistivity in YBa 2 Cu 3 O 7−δ and SmBa 2 Cu 3 O 7−δ is analyzed within the well-known models for vortex dynamics. It is shown that attributing the observed response to vortex motion alone leads to inconsistencies in the as-determined vortex parameters (such as the vortex viscosity and the pinning constant). By contrast, attributing the entire response to field-induced pair breaking leads to a nearly quantitative description of the data.
INTRODUCTION
The microwave response is a source of important information in superconductors. In high-T c superconductors (HTCS) various microwave techniques have been used to get information, among the others, on the symmetry of the order parameter, on the vortex parameters such as the vortex viscosity and pinning frequency and on the temperature dependence of the superfluid fraction (via the measurement of the temperature dependence of the London penetration depth). In short, microwave measurements are a very powerful tool to study the superconducting state.
While
YBa 2 Cu 3 O 7−δ (YBCO) and Bi 2 Sr 2 CaCu 2 O 8+x (BSCCO) have been the subject of intensive experimental investigation at microwave frequencies, other HTCS did not receive the same attention. In particular, a very few report dealt with the vortex-state microwave response in rare-earth substituted 123 compounds, mainly on Gd-substituted materials [1] . In fact, RE-substituted 123 compounds present interesting features in the vortex state: in particular, they often give enhanced irreversibility lines and in some cases a slightly higher T c . Due to their very similarity to YBCO, they are not thought to present novel features in the basic mechanisms governing the superconducting properties. Aim of this paper is to present a compared study of the microwave response of YBCO and SmBa 2 Cu 3 O 7−δ (SmBCO) in the vortex state in moderate fields. It will be shown that some quantitative and qualitative differences exist between the field dependence of the complex resistivity in the two materials. However, the analysis of the data shows that those differences cannot be related only to changes in the vortex dynamics (e.g., different pinning). Indeed, a close analysis of the data shows that vortex motion cannot be the main contribution to the observed resistivity in any of the two materials. Rather, we find that the resistivity of both YBCO and SmBCO can be qualitatively described assuming that the response is mainly determined by magnetic field induced pair breaking. Within this frame, the differences between the two materials can be ascribed to different quasiparticle scattering time below T c .
We recall the main phenomena lying at the base of the microwave response in the vortex state. In principle, the response is dictated by vortex motion, described by the vortex motion complex resistivitỹ ρ vm , and by charge carriers complex conductivity,σ. The latter originates from superfluid as well as normal carriers.
A general frame that includes those contributions is the Coffey-Clem theory [2] . It is noteworthy that the theory, while developed for a particular case of vortex motion (vortex in a sinusoidal potential submitted to the Lorentz force and to a stochastic force), is not constrained to a specific potential shape seen by the vortices. Given the vortex motion resistivityρ vm and the charge carriers complex conductivityσ = σ 1 − iσ 2 , the resulting expression for the total complex resistivity can be written as
When the field dependence of the pair breaking (affectingσ) is negligible, and for T sufficiently below T c such that σ 2 σ 1 , one has for the field-induced change of the resistivity:
since the vortex motion resistivity is zero by definition in zero field. By contrast, when the vortex motion resistivity is vanishingly small, Eq. (1) reduces tõ
The vortex motion approximation alone has been often used for the analysis of the microwave response in the vortex state [3], sometimes including a fieldindependent contribution from the superfluid [4] [5] [6] . In this case, from the data one can estimate vortex parameters such as the vortex viscosity, the depinning frequency and the pinning constant and the activation energy. By contrast, it has been shown that in BSCCO films the imaginary conductivity could be well described [7] by expression 3. In this latter case characteristic parameters determining the response are the quasiparticle scattering time and the pairbreaking field.
EXPERIMENTAL SECTION
The SmBa 2 Cu 3 O 7 film was grown on 1 cm × 1 cm LaAlO 3 substrate by planar high oxygen pressure dc sputtering technique. The roughness of ∼ 20 nm on 1 µm × 1 µm area was measured by AFM. The YBa 2 Cu 3 O 7 film was grown by inverted cylindrical magnetron sputtering on 1 cm × 1 cm CeO 2 buffered YSZ substrates. In both samples, out-of-plane c-axis orientation was assessed by rocking curves, that showed FWHM ≈ 0.2
• . Film thickness was d ∼ 200 nm. -Scan showed good epitaxiality. YBCO and SmBCO showed T c 88 and 87 K, respectively. Further details on sample preparation have been reported elsewhere [8, 9] .
The microwave response was measured by the end-wall cavity technique at 48.2 GHz in zero dc magnetic field, and with an applied field (along the c-axis) µ 0 H ≤ 0.8 T. The cylindrical cavity resonated in the TE 011 mode [10] . In this configuration the microwave field probed a circular area, corresponding to the diameter of the cavity, ∼8 mm, centered on the center of the film. We note that in this configuration the edges of the film are not exposed to the microwave field, so that our measurements are not affected by detrimental edge effects (unlike, e.g., dc and microwave measurements on striplines). Due to the field distribution of the excited mode, the peak microwave field µ 0 H µw ∼ 10 µT is reached in an annular area of 4-mm diameter centered on the center of the film. Thus, for all practical purposes, the amplitude of the microwave field H µw H, so all the field effect should be regarded as coming from the dc applied field. Field-induced variations of the quality factor 1 Q and of the resonance frequency ν were measured at several temperatures in the range from 67 (69) to 90 K, resulting in reduced temperature ranges above T/T c = 0.76 (0.79) in YBCO (SmBCO). Data have been collected either in zero-field-cooled, field-cooled, and on direct and reverse field-sweeping. We observed no hysteresis, with the possible exception of the data below ∼70 K, where a small hysteresis, smaller than 10% of the overall signal is occasionally present on reverse field sweeps. In this case, data for field sweeps after ZFC are considered. We note that rather high operating temperatures and the strong demagnetization present in our arrangement (the dc field is
